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Visual scenes comprise enormousamountsof information fromwhichnervous systemsextractbehaviorally relevant cues. Inmostmodel
systems, little is known about the transformation of visual information as it occurs along visual pathways. We examined how visual
information is transformedphysiologically as it is communicated fromthe eye tohigher-orderbrain centersusingbumblebees,whichare
known for their visual capabilities. We recorded intracellularly in vivo from 30 neurons in the central bumblebee brain (the lateral
protocerebrum) and compared these neurons to 132 neurons frommore distal areas along the visual pathway, namely the medulla and
the lobula. In these three brain regions (medulla, lobula, and central brain), we examined correlations between the neurons’ branching
patterns and their responses primarily to color, but also to motion stimuli. Visual neurons projecting to the anterior central brain were
generally color sensitive, while neurons projecting to the posterior central brain were predominantly motion sensitive. The temporal
response properties differed significantly between these areas, with an increase in spike time precision across trials and a decrease in
average reliable spiking as visual information processing progressed from the periphery to the central brain. These data suggest that
neurons along the visual pathway to the central brain not only are segregatedwith regard to the physical features of the stimuli (e.g., color
and motion), but also differ in the way they encode stimuli, possibly to allow for efficient parallel processing to occur.
Introduction
How is visual information segregated, processed, and integrated
by higher-order brain centers? The complexity of the vertebrate
visual cortex and related brain areas has made answering these
questions challenging (Hubel and Livingstone, 1987; Kara et al.,
2000; Kumbhani et al., 2007). Parallel and sequential visual pro-
cessing are more easily addressed in some invertebrates, where it
is possible to record in vivo in awake animals and identify indi-
vidual neurons (Hertel, 1980; Haag et al., 2007; Paulk et al.,
2008). Ultimately, the invertebrate and vertebrate visual systems
can be compared and convergent basic mechanisms designed to
both encode and partition visual information can be discovered.
Here, we examinemechanisms of color processing in bumble-
bees (Bombus impatiens) at various stages of the visual pathway
from peripheral areas to higher-order brain centers. Bumblebees
have extensive visual and learning capabilities (Ney-Nifle et al.,
2001; Lotto and Chittka, 2005; Lotto andWicklein, 2005; Dyer et
al., 2008) and true color vision (Peitsch et al., 1992) and are amena-
ble to electrophysiological recordings (Paulk et al., 2008, 2009).
In terms of visual pathways in insects, the photoreceptors
provide input from the eye to the lamina, which then sends its
projections to the medulla (Ribi, 1975a,b; Strausfeld, 1976). The
medulla connects to the central brain and, in parallel, to a third-
order visual processing center, the lobula, which then sends in-
puts via several tracts into the central brain (Hertel, 1980; Ribi
and Scheel, 1981; Mobbs, 1982, 1984; Hertel and Maronde,
1987). Recent work in the bumblebee lobula has shown that color
and motion information are segregated along anatomical path-
ways (Paulk et al., 2008), which are then integrated by the central
brain.
The lateral protocerebrum is a central brain area that has
mostly been studied anatomically or in the context of olfactory
processing (Kenyon, 1896; Strausfeld, 1976; Mobbs, 1982, 1984;
Homberg, 1984; Heisenberg, 1998, 2003; Gronenberg, 2001; Eh-
mer and Gronenberg, 2002; Kirschner et al., 2006). The lateral
protocerebrum also receives projections from the medulla and
the lobula (Strausfeld, 1976;Mobbs, 1982, 1984;Maronde, 1991).
Recently, anatomical mapping of the lateral protocerebrum in
flies identified the existence of select centers (“glomeruli”) sensi-
tive to visual stimulus orientation (Okamura and Strausfeld,
2007; Strausfeld and Okamura, 2007). However, little is known
about how visual information from the medulla and lobula con-
verge and are integrated in the protocerebrum in any insect.
To address the functional organization of the lateral protoce-
rebrum, we examined lateral protocerebral neurons and com-
pared their properties to medulla and lobula neurons (Paulk and
Gronenberg, 2008; Paulk et al., 2008, 2009). The purpose of these
studies is to perform an initial examination of diverse neurons at
three stages of visual processing while testing visual cues. We
found that color sensitivity was mostly segregated in the lateral
protocerebrum. Moreover, the temporal characteristics of the
neurons differed as signals progressed from the periphery to the
central brain, indicating that information is both processed and
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Bumblebee colonies (Bombus impatiens) were acquired from Biobest
Biological Systems (International Technology Services) and were main-
tained in the laboratory. We selected relatively large bumblebees of un-
known age for recording (n 145) and for Bodian staining (n 6).
Bodian staining
Bodian reduced silver staining was performed using a protocol similar to
that of Gregory (1980). Brains were fixed overnight at 4°C in 64% ethyl
alcohol, 5% acetic acid, and 3.75% formalin in water. After fixation the
tissue was dehydrated and embedded in paraffin (Paraplast, Oxford
Labware), sectioned at 15 m, mounted on slides coated with albumin,
deparaffinized, and rehydrated before incubation in protargol solution:
2.5 g of silver protein (Merck) and 2 g of metallic copper, in 250 ml of
distilled water. After 23 h at 60°C slides were removed from the protargol
solution and processed through 1% hydroquinone and 5% sodium sul-
fite for 5 min, 1% gold chloride under bright light for 7 min, (1%) oxalic
acid for 5 min, and 2.5% sodium thiosulfate for 5 min. Sections were
again dehydrated and then coverslipped using Entellan (Merck).
Intracellular recording procedure
Bees were cold anesthetized and immobilized in plastic tubes. The rest of
the recording was performed under room temperature, 25–26°C.
While this is not the optimal temperature at which bumblebees warm up
to take flight (at 30–40°C) (Krogh and Zeuthen, 1941; Heinrich, 1993),
bumblebees can perform various behavioral tasks, including those in-
volving learning and memory while walking and not in flight. We
currently perform several behavioral assays (including optomotor
flight assays and learning assays) in the same lab space in which the
electrophysiological studies were performed. The brain was exposed for
recording and insect saline (Baumann and Hadjilazaro, 1972) was ap-
plied at intervals. Borosilicate thin-walled glass electrodes (tip resistanc-
es: 70–120 M with 1 M KCl) were pulled from capillary tubes (A-M
Systems) on a laser-based micropipette puller (model P-2000, Sutter
Instruments). Micropipettes were backfilled with either Lucifer yellow
(200 M in 0.5 M LiCl) or one of three Alexa Fluor hydrazide dyes (exci-
tation spectra at 568, 633, or 647 nm, 200M in 1MKCl; Invitrogen). The
intracellular signals of spiking neurons were amplified (Neuroprobe
1600; A-MSystems), and recorded on a computer using a Power Lab data
acquisition board (ADInstruments). Data were captured at 20 kHz and
saved for offline analysis. The bumblebee was presented with an array
of visual stimuli (see below). At the end of the experiment, the neuron
was labeled with the dye by injecting a current of2 to5 nA at 1 Hz
for 1–3 min.
Histology
Brains with dye-filled neurons were fixed (4% paraformaldehyde in
buffered insect saline, pH 6.9), dissected, rinsed, and dehydrated us-
ing increasing concentrations of ethanol and embedded in Spurr’s low-
viscosity medium (EMS) and polymerized. These plastic blocks were
sectioned at 10–20 m using a sliding microtome, mounted, and cover-
slipped. Images of the brain sections were recorded using a Nikon PCM
2000 confocal laser microscope (Nikon) or an LSM 5 Pascal confocal
microscope (Zeiss) both with argon and HeNe lasers. Neurons were
reconstructed from the image stacks and were adjusted for brightness
and contrast using Photoshop (Adobe). Neurons in figures represent
two-dimensional projections across all plastic sections containing pro-
cesses of the fluorescent neuron.
Brain areas and neuronal anatomy are described according to the
neuraxis where themushroombody calyces are dorsal, the antennal lobes
are ventral and anterior while the subesophageal ganglion is posterior
(Fig. 1E,F ). The optic lobes are lateral in the brain relative to the proto-
cerebrum and central complex.
Visual stimuli
Color and motion stimuli as described by Paulk and Gronenberg (2008)
and Paulk et al. (2008, 2009) were presented to the bees’ eye ipsilateral to
the recording electrode. The stimuli are briefly described below.
Color stimuli. An array of 60 light-emitting diodes [LEDs; 20 each
violet (v), blue (b), and green (g); peak wavelengths: v: 404 nm; b: 476
nm; g: 561 nm, with an average half-peak width: 22.13  8.86 nm]
provided light flashes of different colors (wavelengths) and wavelength
combinations (bg, bv, gv, and bgv). The LEDs’ efficiency with respect to
the bumblebee spectral sensitivity as well as the behavioral relevance of
the applied stimulus intensities are discussed in detail in Paulk and
Gronenberg (2008) and Paulk et al. (2008, 2009). The LED colors were
arranged in a semirandom configuration, with trios of violet, blue, and
green LEDs grouped together right next to each other such that they
could be treated as coarse overlapping “pixels” of violet, blue, and green
colors (supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). Considering that the divergence angles of light from
each LED were 15° and the angular separation of the LEDs at the level of
the bee’s eye is at 1.45°, we are confident that therewas significant overlap
of colors when theywere presented simultaneously to the bumblebee eye.
The LED array was arranged in a half-circle such that the long axis of
the array aligned with the long axis of the bumblebee eye, spanning 2.9°
by 123.3° of the visual field (Paulk and Gronenberg, 2008; Paulk et al.,
2008). The array could be moved out of the way to present motion cues,
but it was notmoved to test the entire receptive field since the recordings
did not always last long enough to test all fields (5 min). Each stimulus
was presented as five consecutive 500ms LED light flashes at 1 Hz, which
was unlikely to cause adaptation at the level of the photoreceptors.
Motion stimuli. Motion stimuli were presented on a computer-
controlled (Vision Egg software) (Straw et al., 2006) cathode ray tube
(CRT) monitor that subtended 114.0° by 103.1° of the visual field of one
eye, with a vertical refresh rate of 160 Hz [for details of the motion
stimuli, see Paulk and Gronenberg (2008) and Paulk et al. (2008, 2009)]
(supplemental Fig. 1, available at www.jneurosci.org as supplemental
material).
Four types of motion stimuli were tested: a wide-field high-contrast
square-wave moving grating (filling the entire computer screen, at a
spatial frequency of 12.89°, moving at a rate of 57.2°/s), a small moving
bar (subtending 3.85° by 16.2°, moving at a rate of 73.57°/s), a large
moving bar (either a black bar on white or a white bar on black; subtend-
ing 9.04° by 103.1°,moving at a rate of 54.25°/s), and amoving black edge
on a white background (filling the entire CRT screen, moving at a rate of
87.69°/s). Each stimulus was moved in eight different directions (up,
down, left, right, and 45o to these respective directions) and four differ-
ent orientations (Paulk and Gronenberg, 2008; Paulk et al., 2008). Lumi-
nance changes of the CRTmonitor resulting from the visual stimuli were
measured by a photodiode and recorded with the neuronal signals.
Analysis of responses to visual stimuli
Membrane potential data were imported intoMatlab (TheMathWorks),
downsampled to a resolution of 0.1 ms, and filtered to remove high-
frequency (2000 Hz) and low-frequency (50 Hz) components. Elec-
trical noise from the LED relay switches was also removed digitally. The
spike time andmean frequency of the action potentials weremeasured by
detecting spikes above a set threshold. A significant response to a visual
cue was defined as a change in spike rate more than two times above or
below the standard deviation of the mean background spiking activity.
Response categories are described in the Results and are laid out in sup-
plemental Table 1 (available at www.jneurosci.org as supplemental ma-
terial). The temporal dynamics and adaptation of the response were
analyzed. Habituation was identified when a neuron significantly (see
above) changed its response to subsequent light flashes compared with
the first light flash.
Spike time precision and response reliability
Spike timing precision, response reliability, average event spiking, and
habituation across repeated trials were calculated using procedures sim-
ilar to those described by Mainen and Sejnowski (1995), Paulk et al.
(2008), Schreiber et al. (2003), and Tiesinga et al. (2008). We first give a
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qualitative description of these measures before giving their mathemati-
cal formulation.
The terms precision and reliability address two temporal properties of
neurons and have been used extensively in studies involving vertebrate
visual cortex (for review, see Tiesinga et al., 2008). Thesemeasures do not
necessarily determine the coding strategy used, but put constraints on
which ones are possible. A highly precise neuron has the potential for
coding information using single spikes, or spike patterns, in conjunction
with other neurons. A highly reliable neuron fires every time a given
stimulus is presented. The firingmay ormay not be precise.With reliable
neurons, the need for redundancy (number of neurons coding for the
same aspect of the stimulus) is small, so that in the extreme case, single
neurons can carry information unrelated to that of other neurons.
Acrossmultiple presentations of the same stimuli, neurons tend to fire
at specific times, with a certain amount of reliability and precision. The
specific firing times are termed “events” and can be seen qualitatively as
vertical alignments in a raster plot, or peaks in the peristimulus time
histogram (PSTH). The average number of spikes fired in events is de-
fined as the average event spiking of the neuron. A neuron with a high
average event spiking value presumably has a high postsynaptic impact
on a downstream neuron. On the other hand, habituation is inversely
related to the length of time elapsed before the neuron stops responding
to the same stimulus. A strongly habituating neuron can potentially help
a network in differentiating transient from sustained stimulus patterns.
Full explanations of the calculations and examples of spike time pre-
cision and response reliability measurements are described in detail in
the study by Paulk et al. (2008). Briefly, reliability, precision, and average
event spiking are defined on the basis of “events,” which are quantita-
tively defined as peaks in the PSTH of the neuron three standard devia-
tions above themean (see Fig. 7). Reliability, precision, and average event
spiking quantify these alignments. In short, spike time precision is the
inverse of the jitter of the spike times across trials (see below), which
directly relates to the timing of the neural responses. A highly precise (i.e.,
with low jitter) spike will occur with exactly the same latency after stim-
ulus onset or offset every time the neuron responds. Spike time preci-
sionP E/	e, where E is the number of events, ande is the standard
deviation of the individual spike times in event e.
Reliability, the fraction of spikes across trials that occurred during
the events relative to those outside of the events, was calculated with the
following equation: response reliability R	(Ne)/N, where Ne is the
number of spikes in event e (across all trials), andN is the total number of
spikes across all trials. Average event spiking, the average number of
spikes occurring per event and per trial, was calculatedwith the following
equation: average event spiking S 1/Ntrials
 (	Ne)
 1/E, whereNe
Figure 1. The bee brain and the lateral protocerebrum. A, Whole bumblebee brain viewed frontally. Several structures are noted, including the optic lobes (ol), mushroom body calyces
(mb-c), antennal lobes (al), retina (ret), and protocerebrum (prot).B, Bodian-stained horizontal section at the level of the dashed line in A. The staining delineates the lobula (lo), medulla
(me), the mushroom body lateral calyx (mb-lc), and the protocerebrum. Glomeruli in the protocerebrum (prot) are indicated by light blue asterisks, axonal tracts by white asterisks. Ci,
Frontal section of half of the bumblebee brain, Bodian stained. The staining delineates the antennal lobes, the lobula, medulla, the mushroom body lateral calyx, the mushroom body
medial calyx (mb-mc), and the mushroom body lobe (mb-l). Cii, Color-coded areas used to reconstruct the brain: the medulla (green), antennal lobes (orange), and protocerebral areas
comprising glomeruli (cyan and yellow). D, Three-dimensional reconstruction of major components of the bumblebee brain, including the antennal lobes (orange), lobula (light blue),
medulla (green), central complex (cc, purple), mushroom bodies (mb, magenta), LH (gray), and SLPr (cyan). E, Reconstructions of brain areas as in D along with other brain areas removed
to reveal protocerebral components: LH (gray), SLPr (cyan), ILPr (yellow), AOT (blue), PPr (red), and subesophageal ganglion (SOG). F, The same brain reconstruction rotated for a dorsal
view. G, A schematic of a dorsal view of the same brain areas, with a view of the SLPr, PPr, optic lobes, and other brain areas listed above. Scale bar, 100 m.
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is the number of spikes within each event e, E is the number of events,
and Ntrials is the number of trials. Statistical comparisons of measure-
ments between cell groups or stimuli were made using the Mann–
Whitney U test.
Results
We recorded from and morphologically identified 30 neurons
with the majority of their neurites in the lateral protocerebrum.
The anatomy and physiology of the lateral protocerebral neurons
were compared with those of the output neurons from the me-
dulla (n  27) and the lobula (n  105), whose properties have
recently been published (Paulk and Gronenberg, 2008; Paulk et
al., 2008, 2009).
To correlate lobula and medulla inputs with protocerebral
neuron branching patterns, we divided the lateral protocere-
brum into five major regions using anatomical criteria. Then,
we grouped individual neurons according to the location of the
bulk of their processes with respect to four of these regions in the
lateral protocerebrum to ultimately examine whether subregions
of the lateral protocerebrum differed with respect to their re-
sponses to color stimuli. To examine how visual information was
transformed at the three different stages of visual processing (me-
dulla, lobula, and lateral protocerebrum), we measured the tem-
poral response properties to light flashes of neurons in each brain
area. We found that the neurons segregated in terms of color
sensitivity as well as in terms of stimulus encoding.
The lateral protocerebrum can be subdivided into five regions
The lateral protocerebrum (Fig. 1) surrounds well defined ana-
tomical structures [the mushroom bodies (magenta) and the
central complex (purple; Fig. 1)] and receives input tracts from
the antennal lobes (orange) and the optic lobe regions: the me-
dulla (green) and lobula (light blue in Fig. 1) (Schildberger,
1984). The distribution of tracts and neuropil in the lateral pro-
tocerebrum of bumblebees (Fig. 1), revealed subdivisions of the
lateral protocerebrum into neuropilar concentrations (Fig. 1B–
E), referred to as foci (Strausfeld, 1976) or, more recently, glo-
meruli (25 are described for flies) (Strausfeld and Okamura,
2007; Strausfeld et al., 2007). These protocerebral glomeruli (25-
to 100-m-wide spheroidal structures) (Fig. 1B, blue asterisks)
contain apparent blebs and spines, presynaptic and postsynaptic
specializations. Using tract location (Fig. 1B, white asterisks) and
glomeruli as landmarks, wemapped and reconstructed the bum-
blebee lateral protocerebrum in three dimensions (Fig. 1C–F),
but did not attempt to discriminate individual optic glomeruli.
Using nomenclature established in honeybees (Kenyon, 1896;
Mobbs, 1982, 1984; Rybak and Menzel, 1993; Strausfeld, 2002;
Kirschner et al., 2006), we identified five main regions in the
lateral protocerebrum: the superior lateral protocerebrum (SLPr),
the inferior lateral protocerebrum (ILPr), the posterior protoce-
rebrum (PPr), the lateral horn (LH), and the anterior optic
tubercle (AOT). The SLPr, PPr, and ILPr were three spatially
distinguishable clusters of glomeruli defined by location with
respect to the dorsal–ventral and anterior–posterior axes. The
SLPr was in the dorsal–anterior area of the brain (Fig. 1D–F,
cyan), the ILPr was ventral and posterior to the SLPr (Fig. 1D–F,
yellow), and the PPr was posterior and ventral to the SLPr and
ILPr (Fig. 1D–F, red).
The SLPr and ILPr together spanmuch of the anterior-medial
axis of the lateral protocerebrum, and thus neurons projecting
into the anterior lateral protocerebrumwere in the dorsal (SLPr)
or ventral (ILPr) anterior lateral protocerebrum. Most of the
lateral protocerebral neurons recorded in this study were distrib-
uted in the anterior regions or in the posterior region of the lateral
protocerebrum, but could be in the SLPr or the ILPr, depending
on whether they were distributed dorsally or ventrally, respec-
tively (see below). Furthermore, the input to the protocerebrum
from the medulla and lobula neurons was also segregated along
the anterior–posterior axis (Paulk et al., 2008, 2009).
The LH and the AOT were not subdivided, each likely repre-
senting one single neuropil. The LH was lateral to the ILPr (Fig.
1D–F, gray) and did not represent a typical glomerulus because it
is a diffuse structure with inputs from olfactory areas (Kirschner
et al., 2006; Jefferis et al., 2007). The AOT formed one distinct
large spheroidal structure previously described as a visual glo-
merulus in flies (Strausfeld and Okamura, 2007), located in the
anterior aspect of the bumblebee brain, dorsal to the antennal
lobes and close to the anterior brain surface (Fig. 1D–G, dark
blue). The AOT possessed numerous and prominent input and
output tracts (Fig. 1B).
The lateral protocerebrum receives segregated visual inputs
The extent of individual medulla and lobula neuron projections
to the lateral protocerebrum were variable. Some neurons pro-
jected within only one or two foci (Fig. 2A), while others con-
tacted many (Fig. 2A). Therefore, we focused on the projections
of individual neurons in the distinct subregions of the lateral
protocerebrum containingmultiple foci (i.e., ILPr, PPr, SLPr). In
total, 89 lobula neurons and 12 medulla neurons were traced to
specific regions of the lateral protocerebrum (Fig. 2A; supple-
mental Table 2, available at www.jneurosci.org as supplemental
material). The lobula was divided based on its layered organiza-
tion into the distal lobula (layers 1–4) and the proximal lobula
(layers 5–6) (Ribi and Scheel, 1981; Paulk et al., 2008). Of the
large-field tangential lobula neurons in the proximal lobula, 90%
projected into the SLPr or ILPr (Paulk et al., 2008) (Fig. 2A;
supplemental Table 2, available at www.jneurosci.org as supple-
mental material) while 94% of the neurons from the distal
lobula projected into the PPr (Paulk et al., 2008) (Fig. 2A;
supplemental Table 2, available at www.jneurosci.org as sup-
plemental material).
All columnar neurons of the lobula projected into the AOT
(n  6) (Fig. 2A) (Paulk et al., 2008) (supplemental Table 2,
available at www.jneurosci.org as supplemental material), and all
of the large-field medulla neurons projected into the PPr (Paulk
et al., 2009) (Fig. 2A; supplemental Table 2, available at www.
jneurosci.org as supplemental material). We recorded no neu-
rons from the optic lobes that projected directly to the LH. These
optic lobe output pathways represent functional streams of infor-
mation (Hertel and Maronde, 1987; Hertel et al., 1987; Otsuna
and Ito, 2006; Paulk et al., 2008) suggesting that a segregation of
input should be reflected in the response properties of their
postsynaptic targets, the lateral protocerebral neurons.
Neurons in the lateral protocerebrum have complex
branching patterns
Branching patterns of lateral protocerebral neurons were
mapped with respect to the lateral protocerebral subregions (Fig.
2B). Neurons in the lateral protocerebrum showed diverse pro-
jection patterns, including branching patterns that were widely
diffuse (Fig. 2Bi,Biv), others that were restricted to specific sub-
compartments (such as the AOT) (Fig. 2Bii), and some with
intermediate branching patterns (Fig. 2Biii). Most of the lateral
protocerebral neurons recorded were located in the SLPr (n 
15/30) (Fig. 2Bi) or the ILPr (n  12/30) (Fig. 2Biii), and were
relatively anterior and medial in the brain (Fig. 1F, dark blue,
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yellow, and cyan structures). These neurons did have occasional
branches elsewhere in the brain, including the LH (Fig. 2Biii) or
the central complex (data not shown), but the majority of the
lateral protocerebral neurons were in the anterior and medial
protocerebrum, including two AOT neurons (Fig. 2Bii) and one
mushroom body feedback neuron (data not shown).
Here, we characterized the physiological response properties
of these neurons to determine whether their sensitivities to color
Figure 2. Visual input neurons to the lateral protocerebrum and lateral protocerebral neurons. A, Visual input neurons. Ai, Large-field lobula neuron with output to the medial ILPr.
Aii, Large-field tangential lobula neuron with branches in the mushroom body calyces (mb-mc and mb-lc). Aiii, Large-field tangential medulla neuron with branches in the PPr. Aiv,
Columnar neuron with fine branches in a lobula column and projections into the AOT. Av, Large-field tangential lobula neuron with outputs to the PPr. Ai–Av, Frontal views; a schematic
horizontal representation (dorsal view) is shown in the center. lo, Lobula; me, medulla; mb l, mushroom body lobe; mb lc, mushroom body lateral calyx; mb mc, mushroom body medial
calyx. B, Lateral protocerebral neurons. Bi, Protocerebral neuron primarily branching in the LH and SLPr. Bii, Protocerebral neuron with branches in anterior optic tubercle. Biii,
Protocerebral neuron with branches in the anterior ILPr. Biv, Protocerebral neuron branching posteriorly in the ILPr. Center, Schematic representation (dorsal view) of the neurons in
Bi–Biv, representing a virtual horizontal section. Note the relative locations of the branching patterns of the neurons along the anterior–posterior axis. Scale bar, 100m.
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and their temporal characteristics correlated with anatomical lo-
cations. In particular, we compared response properties of (1)
neurons that projected into the SLPr versus the ILPr, and (2)
neurons that branched anteriorly versus those that branchedme-
dially or posteriorly. We did not record from any of the PPr
interneurons, and so to determine what visual information was
sent to the PPr, we included the responses of medulla and lobula
neurons supplying the PPr.
As an initial test of the neural responses tomotion cues, we did
test a number of motion cues, including small targets and grat-
ings, but only three of the 16 lateral protocerebral neurons tested
responded to the motion cues (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). The distribution
of motion information within the lateral protocerebrum, then,
was examined in terms of the projections from the lobula neu-
rons. Lobula neurons projecting to the PPr were mostly sensitive
to directional motion (60%), while most of the lobula neurons
projecting into the anterior protocerebrumwere notmotion sen-
sitive (54%) or not sensitive to directional motion cues (15%)
(supplemental Fig. 4, available at www.jneurosci.org as supple-
mentalmaterial) (Paulk et al., 2008). Together, these data suggest
that motion information segregates along the anterior–posterior
axis of the protocerebrum, withmuch of themotion information
sent posteriorly. This indicated that the processing of motion
may not be a principal function of the anterior or medial lateral
protocerebrum, but further tests are needed to firmly establish
the role of motion in the lateral protocerebrum.
Distribution of color sensitivity in the bumblebee brain
Color responses were classified as broad band (Fig. 3A,B), nar-
row band (Fig. 3C), and color opponent (Fig. 3D) (Kien and
Menzel, 1977a,b; Yang et al., 2004; Paulk et al., 2008). Nearly half
of the protocerebral neurons (n 12 out of 25 tested) (Fig. 3A,B)
showed broad-band color sensitivity, responding to all three col-
Figure 3. Color responses of protocerebral neurons. A, Protocerebral neuron responding with phasic “on” inhibition for all three colors [blue (b), green (g), and violet (v)] and across five trials
(traces from each trial are overlaid and colored in gray). B, Raster plot (top; five trials per color) and peristimulus time histogram [bottom; Gaussian-smoothed (half-width 5ms); bin width 1
ms] of responses of the same neuron as inA, revealing its phasic inhibition by light, regardless of color and color combinations (bv, vg, bg). C, Protocerebral neuron respondingwhen violet lightwas
present in the stimulus but not or only weakly to the other colors.D, Protocerebral neuron producing a burst of activity in response to the first light flash of blue, with a decreased response to violet
and green. Simultaneous presentation of all three colors results in reduced activity compared with blue alone, suggesting that other colors inhibit the blue response. E, Stimulus entrainment. This
protocerebral neuron exhibited a spontaneous rhythmof activitywhich persisted throughout the recording.Ei, The neuron shifts its bursting activity over time tomatch the rhythmof the violet light
flashes. Green or blue light had amuchweaker entrainment effect (black arrows: end of first stimulus; gray arrows: end of fifth stimulus). Eii, The stimulus entrainment responsewas also observed
if the duration of the light flash was lengthened. In all cases, the black bars indicate the duration of the light flash. Stimulus markers: 500 ms in A–E, 840 ms in F.
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ors similarly. Many other protocerebral neurons (n 9 out of 25
tested) (Fig. 3C) showed narrow band sensitivity, responding to
one or two colors, but not all three colors. For instance, the neu-
ron in Figure 3C responded when violet was present in the stim-
ulus. A third, smaller group of protocerebral neurons showed
color opponency (n 4 out of 25 tested) (Fig. 3D), defined as the
influence of one color on the response to another color. For
example, the neuron in Figure 3D produced a burst of excitation
at the onset of the blue light, with reduced responses to violet and
green. Overall, when all three colors were presented together
(bgv) (Fig. 3D), the change in spike rate was not as strong as the
neuron’s response to blue alone, indicating that the violet or the
green inputs had an inhibitory effect on this neuron’s response to
blue light. In addition, some protocerebral neurons expressed
color specific responses by changes in spike pattern. Figure 3E
shows a neuron that produced bursts of action potentials follow-
ing a 1 Hz violet light flash. This was in contrast to its response to
green or blue light (Fig. 3Ei, gray arrows) for different stimulus
durations (Fig. 3Eii), and to the nearly 2 Hz bursting activity
observed during spontaneous activity (Fig. 3E).
Based on our observations, there were two possible ways the
segregation of color information could occur within the lateral
protocerebrum; color information could be segregated (1) based
on the different lateral protocerebral regions or (2) based on the
anterior–posterior brain axis. To determine the basis for color
information segregation, we compared protocerebral projections
based on their locationwithin the SLPr, ILPr, lobula, andmedulla
(supplemental Fig. 3, available at www.jneurosci.org as supple-
mental material) as well as their location within the anterior,
medial, or posterior portions of the lateral protocerebrum (Fig. 4;
supplemental Fig. 3, available at www.jneurosci.org as supple-
mental material) and to input neurons from the medulla or
lobula. The different types of color responses (see above) were
evenly distributed across the SLPr, ILPr, the medulla, and the
entire lobula, with the majority of neurons in each region fea-
turing no color discrimination and fewer neurons featuring
narrow-band or color-opponent responses (supplemental Fig.
3A, available at www.jneurosci.org as sup-
plemental material). However, themajor-
ity ofmedulla and lobula inputs to the PPr
as well as neurons residing in the medial
lateral protocerebrumwere not color sen-
sitive (Fig. 4). Conversely, the majority of
neurons projecting from the lobula to or
residing in the anterior lateral protocere-
brum were color sensitive, generally featur-
ing either narrow-band or color-opponent
responses (Fig. 4), suggesting that the lo-
cation along the anterior–posterior axis is
the better predictor of color sensitivity.
Temporal features of responses along
the visual pathway
To study the temporal features exhibited
by the different stages of the bumblebee
visual pathway, we compared the response
dynamics of lateral protocerebral, lobula,
and medulla neurons to a series of five
light flashes. This allowed for an assess-
ment of the temporal precision, reliabil-
ity, and spike rate produced in response to
stimuli, as well as habituation of each pro-
cessing stage.
Most of the lateral protocerebral neurons exhibited habitua-
tion, whereby the response to the first light flash was significantly
different from the response to subsequent light flashes (71%)
(supplemental Table 1, available at www.jneurosci.org as supple-
mental material; Fig. 3C,D). Only 41% of the medulla neurons
habituated to the stimulus (supplemental Fig. 5, available at
www.jneurosci.org as supplemental material). Layer 1–4 (distal)
lobula neurons (Paulk et al., 2008) rarely habituated to the light
flash stimuli (14%) (supplemental Fig. 5, available at www.
jneurosci.org as supplemental material) in contrast to the 69% of
layer 5–6 (proximal) lobula neurons, which did habituate (sup-
plemental Fig. 5, available at www.jneurosci.org as supplemental
material). Generally, neurons exhibiting color dependent re-
sponses often exhibited habituation while the majority of the
lateral protocerebral neurons habituated to the stimuli even if
they were not color sensitive (70%) (Fig. 5C,D) (supplemental
Fig. 5, available at www.jneurosci.org as supplemental material).
Thus, there was an increase in the proportion of neurons that
habituated from the earlier to later stages of visual processing.
Some lateral protocerebral neurons exhibit precise responses
to light flashes
Some lateral protocerebral neurons produced remarkably precise
spikes at the end of the light flashes (temporal jitter of 10 ms,
n 8 out of 30) (Fig. 5A–C), which could be observedwhen spike
times were aligned across trials and summed in PSTHs (Fig.
5B,C), even at a bin width of 1 ms. We label this response type a
“precise off response.” In a few cases, the neurons produced pre-
cise spike responses to the onset of the light flashwith a delay (Fig.
5B, gray box), but the presence of these “on” responses depended
on the color of the light flash. Lobula and medulla neurons gen-
erally produced bursts in response to stimuli (Fig. 5D,E) (Paulk
et al., 2008, 2009) that did not exhibit the same type of highly
precise spike time alignments across trials (Fig. 5E,F). We found
that only one out of 105 lobula neurons and one medulla neuron
out of 27 produced highly precise off responses across trials sug-
Figure4. Responsedistributions across color-responsiveneurons in thebumblebeebrain. Diagrammatic reconstruction (dorsal
view) of the bumblebee brain; inferior lateral and superior lateral protocerebrum (prot.), lobula, and medulla are indicated
together with the percentage of neurons within each group exhibiting broad-band (bb), narrow-band (nb), and color-opponent
(co) responses. Note that lobula andmedulla inputs to the posterior protocerebrumand interneurons in themedial protocerebrum
aremainly color insensitive (broad band). In contrast, anterior protocerebral lobula inputs and interneuronsweremore often color
sensitive. Data describing lobula andmedulla neuron responses from Paulk and Gronenberg (2008) and Paulk et al. (2008, 2009).
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gesting that temporal response dynamics varied along the visual
pathway.
Interestingly, some lateral protocerebral neurons with highly
precise off responses had a depolarized membrane potential during
the light flash (Fig. 5Gi,Gii), which decreased at the end of the flash.
When the membrane potentials across trials were superimposed
(Fig. 5Giii), the precise spike alignment across all five trials became
apparent. In addition to the high spike time precision, we found
response latenciesmuchshorter thanexpected (2–5ms) for third-or
higher-order interneurons. These responses did not represent re-
cording artifacts as all of the precise lateral protocerebral neurons
had response failures, with some neurons exhibiting more failures
(Fig. 5B,C, asterisk) than others (Fig. 5G) depending on the stimu-
lus. In addition, other neurons recorded in the same brain did not
produce the precise off response (n 2 of precise off response neu-
rons, with n 4 nonprecise off response neurons).
Figure 5. Temporal response properties of protocerebral neurons.A, The recording trace during a series of five light flashes does not exhibit a significant change in spike rate, butwhen the spike
timeswere aligned across trials (raster inB), therewas remarkable precision at the offset of the light flash also seen in the peristimulus timehistogram (binwidth 1ms, smoothedwith aGaussian
filter, half-width 5 ms). The gray box outlines instances of precise responses to the onset of the stimulus. C, Extremely well timed spikes occurred after the light flash regardless of color (white
arrow). Five individual trials are overlaid; the large initial spike (black arrow) represents electrical noise produced by the relay switch. In some cases, the neuron fails to respond to the end of the light
flash, as indicated by the gray asterisk inB and the black asterisks in C.D, Lobula neuronwith pronounced “on” and “off” response butwithout a precise spike time response, demonstrating that the
precise spike timing in A–Cwas not an artifact of the relay switch noise. E, This neuron (same as in D and F ) did not exhibit precisely aligned spikes across trials. F, The spikes were not well timed
with the offset of the stimulus (superimposed noise of relay switch; white arrow, action potential spike of the neuron).Gi, Another protocerebral neuron shows tonic depolarization for the duration
of the light flash (Gii; box inGi) and a single highly precise spike after each of a series of five blue light flashes.Giii, All five trials aligned at the end of the light flash (membrane potentials staggered
to view each trial); note the highly precise temporal alignment of spikes.
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Protocerebral neurons differ in precision and reliability
compared with optic lobe neurons
There are many ways to quantify the response of a neuron to
stimuli. Extensive work has been done, for example, using infor-
mation theory and other statistical techniques (de Ruyter van
Steveninck et al., 1997; Warzecha and Egelhaaf, 1999). As a first
step before using these analyses, and given the amount andnature
of the data collected, we quantified the differences in the tempo-
ral dynamics of responses by using spike time precision, response
reliability, and average event spiking (AES) measures of lateral
protocerebral neurons, lobula neurons, and medulla neurons.
These measures were used to quantify the responses of a large
population of diverse neurons and to compare responses to the
same visual stimuli at different stages of visual processing, as has
been done in vertebrates (Kara et al., 2000). Spike time precision,
response reliability, andAES address three different aspects of the
neural responses, which is why these measures were used to ex-
amine the lateral protocerebral, lobula, and medulla neural re-
sponses to light flashes.
First, spike time precision measured the temporal jitter of
spikes across trials. For instance, the lateral protocerebral neu-
rons with “precise off” responses described above had relatively
high precision. Across all stimuli, layer 5–6 lobula and lateral
protocerebral neurons had similar spike time precision values
(Fig. 6C) (Mann–WhitneyU test; p 0.3411) significantly higher
than those of medulla and layer 1–4 lobula neurons (Fig. 6C)
(Mann–Whitney U test; p 0.05) regardless of whether the lat-
eral protocerebral neurons exhibiting the highly precise off-
responses were included. Medulla neurons had significantly
higher spike time precision values compared with the layer 1–4
lobula neurons (Fig. 6C) (Mann–WhitneyU test statistic: 29.742;
p  0.0018). These differences also de-
pended on the stimulus color (Fig. 6A).
Response reliability, on the other hand,
measured how consistently the neurons
responded to stimuli across trials. In prin-
ciple, neurons could be unreliable but
precise (i.e., did not respond at every trial,
but was very precise when it did), or reli-
able but imprecise (i.e., responded at each
trial but with large jitter). Only layer 5–6
lobula neurons had significantly lower re-
sponse reliability values comparedwith the
other categories, which depended on color
(Mann–WhitneyU test; p 0.05 for blue,
green, violet, and violet-green color pre-
sentations; p  0.05 for other color
combinations).
In many cases, neurons responded to a
stimulus with a short burst of spikes. AES
measured the strength of such responses
by counting the number of spikes during
each event detected across trials (see Ma-
terials and Methods). Thus, AES mea-
sured the potential for the neurons to use
a rate code, while spike time precision
measured its potential to use a temporal
code. Medulla and layer 1–4 lobula neu-
rons exhibited high AES values which
were significantly larger than the layer
5–6 lobula neurons and the lateral proto-
cerebral neurons (Fig. 6B) (Mann–Whit-
neyU test; p 0.05). In addition, the layer
5–6 neurons generally had significantly higher AES values across
most of the colors and color combinations compared with the
lateral protocerebral neurons (Fig. 6B) (Mann–Whitney U test;
p  0.05). Therefore, from the medulla, through the distal and
proximal lobula to the lateral protocerebrum, AES decreased
(Fig. 6D) while spike time precision generally increased (Fig. 6C).
These differences in the temporal response dynamics were fur-
ther confirmed when AES and precision were calculated at mul-
tiple time scales (from 1 to 20ms) (supplemental Fig. 6, available
at www.jneurosci.org as supplemental material). The potential
for coding seemed to shift from a rate code at the periphery, to a
temporal code toward the central brain.
Although AES depended on firing frequency, the medulla,
lobula layer 1–4, and lobula layer 5–6 neurons all had similar
average spiking activity (medulla: 29.5  22.2 Hz; lobula layer
1–4: 36.1  38.2 Hz; lobula layer 5–6: 25.8  15.7 Hz; Mann–
Whitney U test; p  0.05 for all comparisons). Only the lateral
protocerebral neurons had significantly lower average spiking
activity compared with the other neurons (15.94  11.869 Hz;
Mann–Whitney U test; p 0.05 for all comparisons). Although
spike time precision was independent of spike rate, the lower
baseline firing rate in the lateral protocerebrum could have af-
fected the AES values. Shuffling the interspike interval values
across trials for the individual neurons demonstrated that the
four groups of neurons did not have significantly different spike
time precision values across all colors (Mann–Whitney U test;
p  0.05 for all comparisons) and that the AES values did not
differ for most of the comparisons (Mann–Whitney U test; p 
0.05 for four out of six comparisons), except, surprisingly, be-
tween the medulla and the lobula layer 5–6 and the medulla and
lateral protocerebral neurons (Mann–Whitney U test; p  0.05
Figure 6. Spike time precision and average event reliability across neural classes. A, Spike time precision values for the
medulla, distal lobula (layer 1– 4 lobula), proximal lobula (layer 5– 6 lobula), and protocerebral neurons for different colors
and color combinations. B, Average event reliability for the same neurons for different colors and color combinations. C,
Average spike time precision values across all colors and color combinations for the same neural categories. D, Average
event spiking values across all colors and color combinations for the same neural categories as above. Error bars indicate SE;
each letter in the graph represents groups (i.e., a, b, or c) that are statistically significant from one another. For example,
group “a” is significantly different from group “b” and group “c” just as groups “b” and “c” are statistically significantly
different from each other (p 0.05; Mann–Whitney U test). Data describing medulla and lobula neuron responses from
Paulk et al. (2008, 2009).
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for both comparisons). This indicated that the differences among
these neurons had less to do with baseline firing rate but more to
do with some aspects of the neurons’ response properties.
Color and motion sensitivity were also correlated with the
temporal features exhibited by different groups of neurons.
Color-sensitive neurons were significantly more precise than
broad-band neurons (Mann–WhitneyU test; p 0.05), but only
the narrow-band color-sensitive neurons had lower AES values
(Mann–Whitney U test; p 0.05). Directional motion-sensitive
neurons were significantly less precise thanmotion insensitive or
nondirectional motion-sensitive neurons (Mann–Whitney U
test; p  0.05 for significant differences). However, the neurons
which were not motion sensitive had significantly lower AES val-
ues compared with the neurons sensitive to nondirectional or
directional motion (Mann–Whitney U test; p 0.05 for signifi-
cant differences). Lobula layer 5–6 and lateral protocerebral neu-
rons were also found to have lower spike timing variability than
medulla and lobula layer 1–4 neurons by calculating Fano factors
of spike trains (Fano, 1947; Teich et al., 1996) at multiple time
scales (supplemental Fig. 7, available at www.jneurosci.org as
supplemental material). Thus, lobula layer 1–4 and medulla
neurons tended to rely more on rate coding while lobula layer
5–6 and lateral protocerebral interneurons appeared to incor-
porate more of a spike timing, or temporal, component to
code their responses. Overall, these results indicated that tem-
poral properties, including habituation, AES, and spike time
precision, differed among the medulla, lobula, and lateral pro-
tocerebral neurons.
Discussion
Little is known about the function of the lateral protocerebrum in
any insect. It receives substantial inputs from and relays outputs
to numerous brain areas (Strausfeld, 1976; Mobbs, 1982, 1984;
Hertel et al., 1987; Maronde, 1991; Tanaka et al., 2004; Kirschner
et al., 2006; Brockmann and Robinson, 2007). The response
properties of neurons in the olfactory pathway within the LH
(Jefferis et al., 2007) and the exclusively visual response proper-
ties of lateral protocerebral neurons (Okamura and Strausfeld,
2007) have only recently been addressed in flies. Here, we have
begun to map the functional aspects of the protocerebrum to
determine how visual information is transformed by the optic
lobes and protocerebrum. Quantifying responses to color, tem-
poral response properties and habituation using the same set of
stimuli, we found differences between anatomical classes of neu-
rons despite our limited dataset and probable preferential sam-
pling from larger neurons. Notably, we found color and visual
motion information appear to be segregated along anatomical
routes (Figs. 4, 6, 7; supplemental Fig. 1, available at www.
jneurosci.org as supplemental material) based on the anterior
(color) and posterior (motion) axis of the brain (Fig. 7C). Fur-
thermore, neurons in peripheral brain areas encode stimuli using
a rate code while neurons in more central brain areas potentially
use a temporal code (Figs. 5–7).
Color andmotion sensitivity are segregated in the
lateral protocerebrum
In bumblebees, inputs to the PPr from themedulla and lobula are
insensitive to color but generally are sensitive tomotion (Paulk et
al., 2008). Likewise, PPr neurons in the fly were motion and
orientation sensitive (Okamura and Strausfeld, 2007). The find-
ing that neurons in the PPr mainly process achromatic motion
information fits with the idea that the PPr produces a large
amount of premotor descending output (Ibbotson, 2001) espe-
cially considering that optomotor control in bees is behaviorally
achromatic (Kaiser and Liske, 1972; Chittka and Tautz, 2003).
While much is known behaviorally about the perception of
color by honeybees (Srinivasan and Lehrer, 1985; Backhaus et al.,
1987; Backhaus, 1992), only a few studies address color vision at
the neural level (Kien and Menzel, 1977a,b; Yang et al., 2004;
Paulk and Gronenberg, 2008; Paulk et al., 2008, 2009). In this
study, color sensitivity was mostly localized in the anterior re-
gions of the lateral protocerebrum, both regarding the lobula
inputs and the lateral protocerebral neurons themselves (Fig. 6).
The anterior portions of the protocerebrum provide input to and
receive outputs from structures presumably supporting learning
andmemory, such as the central complex andmushroom bodies
(Fig. 9) (Mauelshagen, 1993; Rybak and Menzel, 1993; Heisen-
berg, 1998, 2003; Strausfeld, 2002; Liu et al., 2006). The more
central neurons generally habituated to the light flash stimuli
(supplemental Fig. 3, available at www.jneurosci.org as supple-
mental material), suggesting that the anterior lateral protocere-
brummay process advanced phenomena such as attention or the
formation of associations. These responses imply that there is a
functional segregation between the anterior and the posterior
lateral protocerebrum, with the anterior protocerebrumprocess-
ing color or pattern cues (potentially involved forming associa-
tions) while the posterior protocerebrum may be involved in
processing motion and orientation information essential for
moving through the environment.
Encoding of visual stimuli: transformations along the
visual pathway
Much of the work on temporal coding and information con-
tent in the fly has focused on a specific small population of
motion-sensitive neurons in the lobula complex, whose prop-
erties are well characterized (de Ruyter van Steveninck et al.,
1997; Warzecha and Egelhaaf, 1999; Borst and Haag, 2002). The
types of analyses performed in the work on the temporal proper-
ties of the fly lobula complex often required a data collection
paradigm in which stimuli and length of the recordings were
compatible with (if not specifically designed for) information-
theoretic measures (Strong et al., 1998; Victor, 2002). Before per-
forming such analyses in bees, we need to first understand the
specificity of the large population of neurons leading from the
periphery to the central brain, a task that has never been under-
taken in the bee.
How do neurons in the mammalian retina, lateral geniculate
nucleus, and visual cortex signal stimuli and transfer information
between brain areas, particularly in the time domain? Vertebrate
visual pathways demonstrate different properties in response re-
liability, spike time precision, spike rate, and the amount of in-
formation conveyed by neurons at every stage of processing
(Hubel and Livingstone, 1987; Lennie, 1998; Kara et al., 2000;
Lennie and Movshon, 2005; Kumbhani et al., 2007). As visual
information passes from retina to cortex, the signal is contami-
nated with increasing amount of noise due to stochastic elements
(e.g., synaptic failures, membrane channel noise) which decrease
temporal precision (Kumbhani et al., 2007).
Surprisingly, and in contrast to the mammalian system, spike
time precision increased from the periphery to the central brain
of the bumblebee (Figs. 6, 7). In many cases, the temporally pre-
cise spike occurred within 5ms of the offset of the light flash (Fig.
5). Synaptic release in insect visual neurons takes1 ms to com-
plete (Rind, 1984); therefore, it is unlikely that feedback networks
underlie the precise spike times. Further investigation of poten-
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tial inhibitory elements is required, but there could be other ex-
planations for these responses.
An as yet unknown direct pathway from early processing
stages to the central brainmight contribute, akin to that involving
the superior colliculus in mammalian systems. Visual informa-
tion could be sent directly from themedulla or ocelli (eyes on the
dorsal surface of the head of most insects that are independent
from the large compound eyes) to the protocerebrum, bypassing
the lobula, thereby decreasing the number of synapses between
the photoreceptors and the protocerebrum. Descending neurons
in flies produce precise, short-latency off responses which are
induced by ocellar input (Haag et al., 2007). Furthermore, Par-
sons et al. (2006) andHaag et al. (2007) found that neurons in the
fly brain that receive input from both the
ocelli and the compound eyes, produced
shorter latency responses for ocellar input
comparedwith input from the compound
eyes. Therefore, the depolarization ob-
served in these protocerebral cells (Fig. 5)
could represent excitatory input from
the “regular” eye-to-protocerebrum path-
way. In contrast, the precise “off” spike
could be triggered by fast ocellar inputs,
indicating that some protocerebral neu-
rons represent a target of the convergence
of visual information. However, ocellar
neurons are not known to project into the
anterior protocerebrum (Pan and Good-
man, 1977; Milde, 1981; Strausfeld et al.,
1998), generating the question of how this
visual information could reach the proto-
cerebral neurons. Alternatively, these
neurons probably receive numerous in-
puts, some of which could be connected
via gap junctions, evidenced by the vari-
able level of subthreshold postsynaptic
potential activity correlated with stimuli
(Figs. 3, 5).
Notably, recordings in the locust me-
dulla have reported highly precise spike
times (on the order of100 s) (Osorio,
1987a). While the medulla neurons that
we describe here appear to be less precise
compared with the lobula and protocere-
bral neurons, it is likely that Osorio
(1987a) recorded from a different popula-
tion of medulla neurons. The medulla
contains the largest amount of neurons in
the optic lobes and comprises a wide range
of different types of neurons (Osorio,
1987a,b; Paulk et al., 2009). We may be
addressing a different population of me-
dulla neurons because of the technique.
Whatever the underlying mechanism,
the production of well timed highly pre-
cise spikes could have major implica-
tions for learning and memory (Bi and
Poo, 1999). In the olfactory pathway
neurons associated with the mushroom
bodies demonstrate spike timing depen-
dent plasticity (Mauelshagen, 1993; Li and
Strausfeld, 1997; Menzel andManz, 2005;
Cassenaer and Laurent, 2007) and be-
cause the mushroom bodies receive massive input from and feed
output into the lateral protocerebrum (for review, see Strausfeld
et al., 1998), some of the plasticity observed in mushroom body
neurons may be a result of interactions between the mushroom
bodies and these highly precise and complex lateral protocerebral
neurons.
The protocerebrum is a multimodal structure
Ultimately, the protocerebrum is a multimodal structure. In ad-
dition to visual information, olfactory and mechanosensory in-
formation are also sent to the lateral protocerebrum (Strausfeld,
1976;Maronde, 1991; Kirschner et al., 2006). Hence, many of the
neurons in the lateral protocerebrum likely respond to these ad-
Figure 7. Summary of the connections and anatomy of the bumblebee brain. A, Overview of the specific brain regions that are
the subject of the current study:medulla (me), lobula (lo), SLPr, ILPr, AOT, and the LH.mb,Mushroom bodies; cc, central complex;
al, antennal lobe.B, Major connections between the brain areas; bold colored lines represent connections addressed in this paper.
Thin black lines represent connections described elsewhere; the same color scheme is used in A and B. C, Distribution of color and
motion sensitivity in the lateral protocerebrum, with color sensitivity generally in the anterior and medial protocerebrum, and
achromatic motion sensitivity distributed to the posterior protocerebrum. D, Distribution of the log of the spike time precision
plotted against the log of average event spiking for individual neurons from the medulla (green), lobula layers 1–4 (red), lobula
layers 5–6 (blue), and lateral protocerebral (cyan) neurons. As the cells progress from the periphery to the central brain, note how
the data move away from high to low average event spiking values while increasing the precision values.
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ditional modalities, which may alter the temporal dynamics of
the visual responses of lateral protocerebral neurons. The spatial
information present in topographically arranged neuropils such
as the retinotopic lamina, medulla, and (outer) lobula is most
likely transformed in the glomerular protocerebrum, although
the advantage of this arrangement is unknown. Visual informa-
tion is functionally segregated in the protocerebrum, and this
information is transformed from the retina to the protocere-
brum, suggesting the protocerebrum may be key to understand-
ing how bees navigate not only the visual scene but a natural
world containing complex, interacting multimodal stimuli.
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